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THE INTERNAL CONSTITUTION OF THE STARS 
By Professor A. S. EDDINGTON 

PRESIDENT OF THE MATHEMATICAL AND PHYSICAL SCIENCE SECTION 

THERE is another line of astronomical evidence which ap- 
pears to show more definitely that the evolution of the 
stars proceeds far more slowly than the contraction hypothesis 
allows ; and perhaps it may ultimately enable us to measure the 
true rate of progress. There are certain stars, known as 
Cepheid variables, which undergo a regular fluctuation of light 
of a characteristic kind, generally with a period of a few days. 
This light change is not due to eclipse. Moreover, the color 
quality of the light changes between maximum and minimum, 
evidently pointing to a periodic change in the physical condi- 
tion of the star. Although these objects were formerly thought 
to be double stars, it now seems clear that this was a misin- 
terpretation of the spectroscopic evidence. There is in fact no 
room for the hypothetical companion star; the orbit is so small 
that we should have to place it inside the principal star. Every- 
thing points to the period of the light pulsation being something 
intrinsic in the star ; and the hypothesis advocated by Shapley, 
that it represents a mechanical pulsation of the star, seems to 
be the most plausible. I have already mentioned that the 
observed period does in fact agree with the calculated period 
of mechanical pulsation, so that the pulsation explanation sur- 
vives one fairly stringent test. But whatever the cause of the 
variability, whether pulsation or rotation, provided only that it 
is intrinsic in the star, and not forced from outside, the density 
must be the leading factor in determining the period. If the 
star is contracting so that its density changes appreciably, 
the period can not remain constant. Now, on the contraction 
hypothesis the change of density must amount to at least 1 per 
cent, in 40 years. (I give the figures for 8 Cephei, the best- 
known variable of this class.) The corresponding change of 
period should be very easily detectable. For S Cephei the period 
ought to decrease 40 seconds annually. 

Now S Cephei has been under careful observation since 1785, 
and it is known that the change of period, if any, must be very 
small. S. Chandler found a decrease of period of %o second per 
annuiii, and in a recent investigation E. Hertzsprung has found 
a decrease of %o second per annum. The evidence that there 
is any decrease at all rests almost entirely on the earliest obser- 
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vations made before 1800, so that it is not very certain ; but in 
any case the evolution is proceeding at not more than %oo of 
the rate required by the contraction hypothesis. There must 
at this stage of the evolution of the star be some other source 
of energy which prolongs the life of the star 400-fold. The 
time-scale so enlarged would suffice for practically all reason- 
able demands. 

I hope the dilemma is plain. Either we must admit that 
whilst the density changes 1 per cent, a certain period intrinsic 
in the star can change no more than %oo of 1 per cent., or we 
must give up the contraction hypothesis. 

If the contraction theory were proposed today as a novel 
hypothesis I do not think it would stand the smallest chance of 
acceptance. From all sides — ^biology, geology, physics, astron- 
omy — it would be objected that the suggested source of energy 
was hopelessly inadequate to provide the heat spent during the 
necessary time of evolution ; and, so far as it is possible to in- 
terpret observational evidence confidently, the theory would be 
held to be definitely negatived. Only the inertia of tradition 
keeps the contraction hypothesis alive — or rather, not alive, but 
an unburied corpse. But if we decided to inter the corpse, let 
us frankly recognize the position in which we are left. A star 
is drawing on some vast reservoir of energy by means unknown 
to us. This reservoir can scarcely be other than the sub-atomic 
energy which, it is known, exists abundantly in all matter; we 
sometimes dream that man will one day learn how to release it 
and use it for his service. The store is well-nigh inexhaust- 
ible, if only it could be tapped. There is sufficient in the sun 
to maintain its output of heat for 15 billion years. 

Certain physical investigations in the past year, which I 
hope we may hear about at this meeting, make it probable to 
my mind that some portion of this sub-atomic energy is actually 
being set free in the stars. F. W. Aston's experiments seem 
to leave no room for doubt that all the elements are constituted 
out of hydrogen atoms bound together with negative electrons. 
The nucleus of the helium atom, for example, consists of 4 
hydrogen atoms bound with 2 electrons. But Aston has further 
shown conclusively that the mass of the helium atom is less 
than the sum of the masses of the 4 hydrogen atoms which enter 
into it; and in this at any rate the chemists agree with him. 
There is a loss of mass in the synthesis amounting to about 1 
part in 120, the atomic weight of hydrogen being 1.008 and 
that of helium just 4. I will not dwell on his beautiful proof of 
this, as you will no doubt be able to hear it from himself. Now 
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mass can not be annihilated, and the deficit can only represent 
the mass of the electrical energy set free in the transmutation. 
We can therefore at once calculate the quantity of energy liber- 
ated when helium is made out of hydrogen. If 5 per cent, 
of a star's mass consists initially of hydrogen atoms, which are 
gradually being combined to form more complex elements, the 
total heat liberated will more than suffice for our demands, and 
we need look no further for the source of a star's energy. 

But is it possible to admit that such a transmutation is oc- 
curring? It is difficult to assert, but perhaps more difficult to 
deny, that this is going on. Sir Ernest Rutherford has recently 
been breaking down the atoms of oxygen and nitrogen, driving 
out an isotope of helium from them ; and what is possible in the 
Cavendish laboratory may not be too difficult in the sun. I 
think that the suspicion has been generally entertained that the 
stars are the crucibles in which the lighter atoms which abound 
in the nebulae are compounded into more complex elements. In 
the stars matter has its preliminary brewing to prepare the 
greater variety of elements which are needed for a world of^ 
life. The radio-active elements must have been formed at no 
very distant date ; and their synthesis, unlike the generation of 
helium from hydrogen, is endothermic. If combinations re- 
quiring the addition of energy can occur in the stars, combina- 
tions which liberate energy ought not to be impossible. 

We need not bind ourselves to the formation of helium from 
hydrogen as the sole reaction which supplies the energy, 
although it would seem that the further stages in building up 
the elements involve much less liberation, and sometimes even 
absorption, of energy. It is a question of accurate measure- 
ment of the deviations of atomic weights from integers, and up 
to the present hydrogen is the only element for which Mr. 
Aston has been able to detect the deviation. No doubt we shall 
learn more about the possibilities in due time. The position 
may be summarized in these terms : the atoms of all elements 
are built of hydrogen atoms bound together, and presumably 
have at one time been formed from hydrogen; the interior of 
a star seems as likely a place as any for the evolution to have 
occurred ; whenever it did occur a great amount of energy must 
have been set free ; in a star a vast quantity of energy is being 
set free which is hitherto unaccounted for. You may draw a 
conclusion if you like. 

If, indeed, the sub-atomic energy in the stars is being freely 
used to maintain their great furnaces, |t seems to bring a little 
nearer to fulfilment our dream of controlling this latent power 
for the well-being of the human race — or for its suicide. 
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So far as the immediate needs of astronomy are concerned, 
it is not of any great consequence whether in this suggestion 
we have actually laid a finger on the true source of the heat. 
It is sufficient if the discussion opens our eyes to the wider 
possibilities. We can get rid of the obsession that there is no 
other conceivable supply besides contraction, but we need not 
again cramp ourselves by adopting prematurely what is perhaps 
a still wilder guess. Rather we should admit that the source 
is not certainly known, and seek for any possible astronomical 
evidence which may help to define its necessary character. One 
piece of evidence of this kind may be worth mentioning. It 
seems clear that it must be the high temperature inside the stars 
which determines the liberation of energy, as H. N. Russell has 
pointed out. If so the supply may come mainly from the hottest 
region at the center. I have already stated that the general 
uniformity of the opacity of the stars is much more easily in- 
telligible if it depends on scattering rather than on true absorp- 
tion ; but it did not seem possible to reconcile the deduced stellar 
opacity with the theoretical scattering coefficient. Within rea- 
sonable limits it makes no great difference in our calculations at 
what parts of the star the heat energy is supplied, and it was 
assumed that it comes more or less evenly from all parts, as 
would be the case on the contraction theory. The possibility 
was scarcely contemplated that the energy is supplied entirely 
in a restricted region round the center. Now, the more con- 
centrated the supply, the lower is the opacity requisite to ac- 
count for the observed radiation. I have not made any detailed 
calculations, but it seems possible that for a sufficiently concen- 
trated source the deduced and the theoretical coefficients could 
be made to agree, and there does not seem to be any other way 
of accomplishing this. Conversely, we might perhaps argue 
that the present discrepancy of the coefficients shows that the 
energy supply is not spread out in the way required by the 
contraction hypothesis, but belongs to some new source only 
available at the hottest, central part of the star. 

I should not be surprised if it is whispered that this address 
has at times verged on being a little bit speculative; perhaps 
some outspoken friend may bluntly say that it has been highly 
speculative from beginning to end. I wonder what is the touch- 
stone by which we may test the legitimate development of scien- 
tific theory and reject the idly speculative. We all know of 
theories which the scientific mind instinctively rejects as fruit- 
less guesses ; but it is difficult to specify their exact defect or to 
supply a rule which will show us when we ourselves do err. 
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It is often supposed that to speculate and to make hypotheses 
are the same thing; but more often they are opposed. It is 
when we let our thoughts stray outside venerable, but sometimes 
insecure, hypotheses that we are said to speculate. Hypothesis 
limits speculation. Moreover, distrust of speculation often 
serves as a cover for loose thinking ; wild ideas take anchorage 
in our minds and influence our outlook; whilst it is considered 
too speculative to subject them to the scientific scrutiny which 
would exorcise them. 

If we are not content with the dull accumulation of experi- 
mental facts, if we make any deductions or generalizations, if 
we seek for any theory to guide us, some degree of speculation 
can not be avoided. Some will prefer to take the interpreta- 
tion which seems to be most immediately indicated and at once 
adopt that as a hypothesis ; others will rather seek to explore 
and classify the widest possibilities which are not definitely in- 
consistent with the facts. Either choice has its dangers; the 
first may be too narrow a view and lead progress into a cul-de- 
sac ; the second may be so broad that it is useless as a guide, 
and diverges indefinitely from experimental knowledge. When 
this last case happens, it must be concluded that the knowledge 
is not yet ripe for theoretical treatment and speculation is pre- 
mature. The time when speculative theory and observational 
research may profitably go hand in hand is when the possibili- 
ties, or at any rate the probabilities, can be narrowed down by 
experiment, and the theory can indicate the tests by which the 
remaining wrong paths may be blocked up one by one. 

The mathematical physicist is in a position of peculiar diffi- 
culty. He may work out the behavior of an ideal model of 
material with specifically defined properties, obeying mathe- 
matically exact laws, and so far his work is unimpeachable. It 
is no more speculative than the binomial theorem. But when 
he claims a serious interest for his toy, when he suggests that 
his model is like something going on in Nature, he inevitably 
begins to speculate. Is the actual body really like the ideal 
model? May not other unknown conditions intervene? He 
can not be sure, but he can not suppress the comparison ; for it 
is by looking continually to Nature that he is guided in his 
choice of a subject. A common fault, to which he must often 
plead guilty, is to use for the comparison data over which the 
more experienced observer shakes his head; they are too in- 
secure to build extensively upon. Yet even in this, theory may 
help observation by showing the kind of data which it is espe- 
cially important to improve. 
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I think that the more idle kinds of speculation will be avoided 
if the investigation is conducted from the right point of view. 
When the properties of an ideal model have been worked out 
by rigorous mathematics, all the underlying assumptions being 
clearly understood, then it becomes possible to say that such and 
such properties and laws lead precisely to such and such effects. 
If any other disregarded factors are present, they should now^ 
betray themselves when a comparison is made with Nature. 
There is no need for disappointment at the failure of the model 
to give perfect agreement with observation; it has served its 
purpose, for it has distinguished what are the features of the 
actual phenomena which require new conditions for their ex- 
planation. A general preliminary agreement with observation 
is necessary, otherwise the model is hopeless; not that it is 
necessarily wrong so far as it goes, but it has evidently put the 
less essential properties foremost. We have been pulling at 
the wrong end of the tangle, which has to be unravelled by a 
different approach. But after a general agreement with ob- 
servation is established, and the tangle begins to loosen, we 
should always make ready for the next knot. I suppose that the 
applied mathematician whose theory has just passed one still 
more stringent test by observation ought not to feel satisfaction, 
but rather disappointment — "Foiled again! This time I Jiad 
hoped to find a discordance which would throw light on the 
points where my model could be improved." Perhaps that is a 
counsel of perfection ; I own that I have never felt very keenly 
a disappointment of this kind. 

Our model of Nature should not be like a building — a hand- 
some structure for the populace to admire, until in the course 
of time some one takes away a corner stone and the edifice 
comes toppling down. It should be like an engine with movable 
parts. We need not fix the position of any one lever; that is 
to be adjusted from time to time as the latest observations indi- 
cate. The aim of the theorist is to know the train of wheels 
which the lever sets in motion — ^that binding of the parts which 
is the soul of the engine. 

In ancient days two aviators procured to themselves wings. 
Daedalus flew safely through the middle air across the sea, and 
was duly honored on his landing. Young Icarus soared up- 
wards towards the sun till the wax melted which bound his 
wings, and his flight ended in fiasco. In weighing their achieve- 
ments perhaps there is something to be said for Icarus. The 
classic authorities tell us that he was only " doing a stunt," but 
I prefer to think of him as the man who certainly brought to 
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light a constructional defect in the flying machines of his day. 
So too in science. Cautious Daedalus will apply his theories 
where he feels most confident they will safely go ; but by his 
excess of caution their hidden weaknesses can not be brought 
to light. Icarus will strain his theories to the breaking-point 
till the weak joints gape. For a spectacular stunt? Perhaps 
partly; he is often very human. But if he is not yet destined 
to reach the sun and solve for all time the riddle of its constitu- 
tion, yet he may hope to learn from his journey some hints to 
build a better machine. 



THE SCIENTIFIC STUDY OF ALLOYS 
By C. T. HEYCOCK 

PRESIDENT OP THE CHEMICAL SECTION 

IN 1897 Neville and I determined the complete freezing-point 
curve of the copper-tin alloys, confirming and extending 
the work of Eoberts-Austen, Stansfield, and Le Chatelier; but 
the real meaning of the curve remained as much of a mystery as 
ever. Early in 1900 Sir G. Stokes suggested to us that we 
should make a microscopic examination of a few bronzes as an 
aid to the interpretation of the singularities of the freezing- 
point curve. An account of this work, which occupied us for 
more than two years, was published as the Bakerian Lecture 
of the Royal Society in February, 1903. Whilst preparing 
a number of copper-tin alloys of known composition we were 
struck by the fact that the crystalline pattern which developed 
on the free surface of the slowly cooled alloys was entirely un- 
like the structure developed by polishing and etching sections 
cut from the interior; it therefore appeared probable that 
changes were going on within the alloys as they cooled. In the 
hope that, as Sorby had shown in the case of steel, we could 
stereotype or fix the change by sudden cooling, we melted small 
ingots of the copper in alloys and slowly cooled them to selected 
temperatures and then suddenly chilled them in water. The 
results of this treatment were communicated to the Royal So- 
siety and published in the Proceedings, February, 1901. 

To apply this method to a selected alloy we first determined 
its cooling curve by means of an automatic recorder, the curve 
usually showing several halts or steps in it. The temperature 
of the highest of these steps correponded with a point on the 
liquidus, i. e., when solid first separated out from the molten 



